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Guidelines for Designing Highly Concentrated Electrolyte for Low 
Temperature Applications
Guillaume Ah-lung, a Benjamin Flamme, a Fouad Ghamouss, a,b Manuel Maréchal, c 
and Johan Jacquemin, *a,b 

The redefinition of commonly named “water-in-salt” clarifies the 
operating temperatures of the state-of-the-art LiTFSI-based 
aqueous solutions. An in-depth study shows its mismatch for low 
temperature applications. Contrariwise, the recommended 
strategy is to design electrolyte at an invariant composition, as 
exemplified with the eutectic water/LiNO3 able to 
electrochemically cycle down to -23 °C

For over 30 years, scientists strive to design safer electrolytic 
solutions able to substitute actual benchmarks containing 
noxious volatile organic solvents. Several solutions were 
proposed by formulating alternative electrolytes for various 
electrochemical energy storage applications (metal-ion 
batteries, supercapacitors, etc.) using ionic liquids (IL),1,2 deep 
eutectic solvents (DES)3-5 or, more recently, water-in-salt (WIS) 
solutions.6 However, a proper definition and evaluation of each 
class of these potential candidates are still actively discussed or 
even controversial. While, an IL is very well defined as a low 
temperature molten salt with a melting point below 100 °C,7 no 
scientific consensus is yet approved on the definition for neither 
a DES nor a WIS-based solution, to date. The former could be 
easily defined thanks to thermodynamic formalisms by either 
showing the non-ideality of its solid-liquid phase diagram 
revealing a deeper liquid range than expected using classical 
ideal mixing laws or by properly calculating the activity 
coefficient of each mixed species in solution.8,9 However, the 
“WIS” concept is even more confusing explaining why this work 
has been solely devoted on this novel class of alternative 
electrolytes for electrochemical energy storage applications.

To the best of our knowledge, the term WIS was firstly reported 
by electrochemists, whom are mainly working by mass when 
formulating an electrolyte, as “more salt” than “water” is 
“present” in the solution. This is, of course, caused by the 
difference between the molecular weights of water and used 
molten salt, (i.e. often a factor higher than 10) leading to an 
illusion than more “salt”, which is always inappropriately judged 
as a “solute”, than “solvent” is constituting the solution. This 
was even argued to affect the interactions, stability and 
electrochemical windows of the electrolytic solution. By looking 
at this concept within a different eye position, each WIS solution 
reported in the literature based on a single salt dissolved in 
water shall be, more properly, defined as a highly concentrated 
electrolytic solution, as water is generally the main solvent (e.g. 
with a mole fraction often higher than 0.7) of the solution. 
However, the particularity of the WIS electrolyte is related to 
the absence of free water molecule as all species are solvated 
in solution.10 This concept is already known as a century ago 
Bjerrum proposed a so-called “concept of ion association in 
electrolyte solution”,11 based on which one can easily argue 
than more than four molecules of water could interact with a Li+ 
cation in solution, for example. However, one interesting point, 
not very well covered to date in the literature, is that the water 
molecule, as any polar associative solvent, could interact either 
with cation and anion through strong electron/hydrogen donor 
or acceptor sites.12,13 For this main reason, this series of WIS 
should be more appropriately identified as Water Interacting 
Strongly with Salt(s) electrolytes, WISS, as claimed therein. This 
ability differs to that observed in the case of benchmark 
electrolytes based on polar non-associative solvents14 either in 
metal-ion batteries or supercapacitors. This difference on 
anion-solvent interactions could explain why no free solvent 
molecule exists in a 21m LiTFSI aqueous solution (e.g. a solution 
containing 21 moles of LiTFSI dissolved in 1 kg of pure water, i.e. 
xwater = 0.725, denoted herein as LiTFSI 21m), a contrario of a 
solution containing 1 mol·dm-3 of Et4NBF4 in acetonitrile (e.g. 
xacetonitrile ~ 0.9 at 25 °C), for example.

On the one hand, the WISS-series based on the LiTFSI salt has 
been originally intensively studied, particularly because of its 
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wide electrochemical stability window, which is extended when 
the LiTFSI concentration raise up.15-18 On the other hand, some 
studies tried to extend its operating range to low temperatures 
showing that the LiTFSI 21m can be even cycled down to -20 
°C.19,20 However, according to solid-liquid LiTFSI-H2O binary 
phase diagram available in the literature,21-22 an electrolyte with 
a xLiTFSI = 0.275 (e.g. LiTFSI 21m) is purely liquid only above at 
least 25 °C, making it a surprising choice for low temperature 
applications. Actually, the composition that would be the most 
suitable for such applications, is the eutectic one, which is 
located at 5.16m (xLiTFSI = 0.085) and at a eutectic temperature, 
TE, of -43.4 °C, or eventually the congruent melting crystal 
LiTFSI·(H2O)4 solvate (xLiTFSI = 0.2 and Tm = -8.7 °C) according to 
ref. [22]. However, at xLiTFSI = 0.085, one can argue if this 
electrolyte could be still so called as a WISS electrolyte able to 
be used over an extended electrochemical stability window. 
Another key factor to point out herein is the preparation of the 
electrolyte, which must be done under rigorous conditions, 
particularly because of the use of LiTFSI. This salt is greatly 
hygroscopic (Fig. S1 of ESI) and has to be stored in dry condition, 
typically in an argon filled glove box even why using it to 
formulate solely aqueous solutions. Otherwise the 
contamination caused by the water, present in atmosphere, can 
strongly decrease the final salt concentration in the electrolyte, 
leading to inaccurate results and wrong conclusions. In this 
context, a “salt-in-water” LiTFSI 21m electrolyte was prepared 
under strict conditions (see ESI) and studied, firstly, by 
Differential Scanning Calorimetry (DSC) and Small- and Wide-
Angle X-ray Scattering (SWAXS) in order to determine the 
operating thermal limits of this electrolyte. Those limits will be, 
in a second time, validated in electric-double-layer-capacitor 
(EDLC)-type electrochemical devices.

During DSC preliminary studies, differences in thermograms 
were observed for the same electrolyte depending on the 
temperature of the preparation room (Figs. S3-S4 of ESI). Main 
results are combined in the Fig. 1 depicting the modified 
thermal behaviour of the same electrolyte stored at 20 °C 
(inhomogeneous, blue curve) and 30 °C (homogeneous, red 
curve). In addition, a typical DSC trace of LiTFSI 21m is 
supported with corresponding SWAXS patterns at key 
temperatures (green curve). As further depicted in the Fig. S2 of 
ESI, a broad melting point, ending at 27 °C, is exhibited by the 
homogeneous LiTFSI 21m, revealing the coexistence of solid 
and liquid phases until this value. The solid phase is composed 
of H2O·LiTFSI (xLiTFSI = 0.5) leading to a liquid phase with a LiTFSI 
molality inferior to 21m, shifting its crystallization to lower 
temperatures down to -50 °C. The way to escape this behaviour 
is to avoid temperature below its liquidus or to heat a too cold 
electrolyte above 43 °C to melt the coexisting solid phase (Fig. 
S3b). SWAXS experiments have confirmed a detectable 
presence of the solid phase up to 18 °C (Fig. S5). The 
temperature difference with the reported liquidus is easily 
explained by the almost stationary experimental conditions of 
the X-Ray diffraction and the dynamic DSC scan (2 °C·min-1). To 
summarize, LiTFSI 21m has to be prepared and stored above 25 
°C to be homogeneous and to exhibit its intrinsic properties. 
Moreover, based on our thermal studies, these electrolytes 
should not be able to operate below its crystallization 
temperature (i.e. -3 °C).

Fig. 1: DSC thermograms of homogeneous and inhomogeneous 
LiTFSI 21m and a correlation between DSC scan and SWAXS 
patterns (S-V. M. = Scattering-vector modulus q).

By continuing based on our conclusions, two series of activated-
carbon-based symmetric (A.C.//A.C.) electrochemical 
capacitors containing LiTFSI 21m were prepared and stored 
above 25 °C (homogeneous electrolyte), and below 23 °C 
(inhomogeneous electrolyte). The supercapacitors were then 
cycled at 10 mV·s-1 and at different temperatures to study their 
electrochemical behaviours (Fig. S6). As expected for the 
homogeneous electrolyte (Fig. S6a), at 0 °C, the electrochemical 
signal started to be affected by the cell resistance mainly due to 
the increase of the electrolyte resistance. The impact of the cell 
resistance is even more pronounced at -10 °C, when the 
electrolyte finally crystallizes before the 20th cyclic voltammetry 
(CV). Indeed, the first cycle corresponds to the highest ion 
concentration in the diffusion layer ensuring a sufficient ions 
accumulation at the interface allowing the charge of EDLCs even 
if a crystallization occurred. As the number of cycles increases, 
the thickness of the diffusion layer increases leading to a 
decrease of the capacitive current and consequently to a flat CV 
due to crystallization. This confirms our conclusions on the 
lower operating limit of -3 °C for the LiTFSI 21m, which cannot 
operate below this temperature in an electrochemical device 
requesting high rate like EDLC. However, this experimental 
observation highlights the importance of reporting all set 
experimental conditions in detail to avoid any false conclusion. 
Surprisingly, concerning the inhomogeneous electrolyte, 
exactly the same electrochemical behaviour was observed (Fig. 
S6b). Despite the DSC analysis, this electrolyte containing a 
liquid phase with a lower molality (see ESI) was unable to stay 
in the liquid state below -10 °C showing a flat CV at this 
temperature. Our main hypothesis is that another factor must 
be considered, i.e. the electrochemical device itself. Similar to 
the mesocarbon microbeads particles used to help 
crystallization during thermal studies, the components of the 
capacitor in contact with the electrolyte (porous electrodes, 
their distance and the separator) can play this role, creating 
propitious nucleation sites in addition with micro-gradients of 
concentrations affording an early crystallization process. The 
preparation and the utilisation of LiTFSI 21m WISS is not only 
very sensitive to the purity and storage of its components, but 
also to the storage and the preparation temperature of the 
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obtained electrolyte. However, this work reveals that the 
presence of a portion of H2O·LiTFSI solid crystals does not seem 
to greatly alter the overall performances of EDLC, as well as, its 
working temperature range. Finally, despite a marked interest 
related to the extended potential window and the intrinsic 
properties of this WISS, its composition does not allow it to be 
considered as a relevant candidate for low temperature 
applications as sub-phases may coexist. In this context, it is 
greatly preferable to work with electrolytes based on an 
invariant point like eutectic compositions or in some case 
congruent melting crystal solvates, for which the solid-liquid 
transition is reversibly occurring without any composition 
change as any pure component.
Consequently, the second part of this work was focused on 
LiNO3 aqueous electrolyte. LiNO3 presents the highest solubility 
in water (50.5 wt.% at 25 °C) among classic alkali salts,25 offering 
thus the possibility of a eutectic point at a high salt 
concentration. This was confirmed by its solid-liquid binary 
phase diagram.26 Moreover, relatively large electrochemical 
stability windows close to 2.20 V and 2.55 V were reported for 
highly concentrated aqueous electrolytes containing 6.5 and 62 
wt.% of LiNO3, respectively.18 Its eutectic point is located at 24.5 
wt.% of LiNO3 salt (corresponding to 4.2 mol·dm-3 or 4.7m) with 
a melting temperature at -22.9 °C.26 Such a composition will 
combine low temperature applications with wide operating 
voltage (at least 2.20 V18). The same strategy, as used for LiTFSI, 
was then applied for preparing and thus analysing this 
electrolyte (see ESI). First, DSC were performed on LiNO3 
aqueous electrolyte prepared at the eutectic composition, 
without separator (used therein as reference) and with several 
separators commonly used in electrochemical applications 
(Whatman, glass microfibers series27) to verify hypotheses 
claimed into the literature and addressed thanks to LiTFSI 
results.

First of all, the thermogram of LiNO3 electrolyte without 
separator (Fig. 2, black curve) confirms that the eutectic 
composition is well obtained. This is visualized on the DSC trace 
by a single crystallization peak and a single melting point 
reached at -23 °C, which is in perfect agreement with the phase 
diagram.26 Furthermore, and as suspected, the separator 
selection has an impact on the thermal behaviours of the 
electrolyte when decreasing the temperature in its metastable 
region (i.e. for temperature below its melting point); while, a 
similar melting temperature is observed in each case, 
demonstrating the thermal and chemical stability of the 
electrolyte whatever the selected separator. However, as 
shown in Fig. 2, two crystallization peaks with no invariant point 
are observed in DSC traces of the electrolyte with a separator 
suggesting the presence of liquids in two different 
environments. This can be related to the presence of free 
electrolyte onto the surface (first crystallization peak at approx. 
-40 °C which resembles to that observed without separator) and 
some confined into the separator (second crystallization peak 
below -50 °C). However, only the interaction changes with the 
presence of the separator could explain the temperature shift 
observed within the first crystallization peak. In fact, this 
temperature shift seems to be strongly affected by the 
separator porosity as shown in Figs. 2 and S7.

Fig. 2 DSC traces of eutectic LiNO3 aqueous electrolyte without 
separator and with several classic GF-based separators.

By looking at each DSC trace, an EDLC device should be even 
cycle at -40 °C, if no other parameters affect its cyclability. The 
lowest-temperature crystallization is obtained when the 
electrolyte is impregnated into GF/C, with 1.2-μm-pore size, 
which also presents the smaller gap between the two 
crystallization peaks (Fig. 2, blue curve). As a result, GF/C was 
recognized as the separator to be used during the 
electrochemical studies. However, even in the case of the 
electrolyte crystallization, such a device must be able to restart 
cycling after reaching again a temperature above the eutectic 
temperature (TE in Fig. 2). CV measurements were then 
performed in coin cells using the eutectic LiNO3 aqueous 
electrolyte with GF/C separator in A.C.//A.C. configuration at 
+20 °C, -20 °C, -30 °C prior to be heated back to +20 °C. Two 
significant and relevant results collected from identical EDLC 
devices have been collected as depicted in Fig. 3. First of all, in 
each case, a rectangular shape is obtained indicating typical 
EDLC reversible capacitive behaviour. Interestingly, some coin 
cells easily cycled even at -30 °C conserving their initial 
capacitance (28 F·g-1) represented by near stackable CVs (Fig. 
3a), which has never been reported in pure aqueous electrolyte, 
to date.

Fig. 3 Cyclic voltammograms at 10 mV·s-1 of A.C.//A.C. identical 
coin cells cycled with eutectic LiNO3 aqueous electrolyte and 
GF/C separators consecutively at 20 °C, -20 °C, 
-30 °C and then 20 °C. Example of a coin cell operating at -30 °C 
(a) and of another identical coin cell not operating at -30 °C (b)
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Randomly, other coin cells quickly crystallized after reaching 
-30 °C, as identified by their flat CV at -30 °C (Fig. 3b). These 
opposite results could be explained by the fact that at -30 °C, 
the eutectic LiNO3 aqueous electrolyte is in a supercooled state, 
i.e. metastable and thus very sensitive to any stimulation 
(cycling, scan rate, heating/cooling rate, surface tension, etc.) 
inducing, according to Le Chatelier principle, the electrolyte 
crystallization. Interestingly, no matter if the crystallization 
occurred or not, all devices recovered full performances when 
the devices are set back to 20 °C. i.e. by crossing the melting 
temperature, highlighting the importance of selecting an 
electrolyte at a eutectic (invariant) composition. Such results 
also indicate a suitable wettability between the electrolyte and 
the separator even after crystallisation-liquification cycles. 
However, even if -40 °C cannot be reached, due to the 
metastability of the supercooling, the proposed eutectic LiNO3 
aqueous electrolyte could be used at temperature down to, at 
least, -23 °C in symmetric A.C.//A.C. capacitors. Furthermore, 
even if a crystallization occurs, a simple temperature increase 
above its melting point will lead to the reactivation of the device 
as no composition change is occurring between liquid and solid 
states in the case of a eutectic. This exemplifies the net benefit 
to formulate an electrolyte at a composition leading to an 
invariant point to avoid the coexistence of solid and liquid 
phases. According to the metastable nature of the supercooled 
electrolyte and interfacial electrode/electrolyte interactions, 
the cycling should be limited to: i) the fusion temperature of 
invariant point, while for ii) variant composition, such as LiTFSI 
21m, cycling should be limited to temperature above its liquidus 
temperature avoiding the coexistence of solid-liquid phases. 
Other well-defined and characterized eutectic-based 
electrolytes could in fact be formulated and used in any device 
including asymmetrical/hybrid supercapacitors, or metal-ion 
batteries for temperature down to, at least, their liquidus. 
Finally, if a lower temperature is required for applications in 
extreme environments, an additive (i.e. another salt24,28 or co-
solvent29,30), to obtain neoteric ternary electrolytes, could 
considerably decrease the melting temperature of the 
electrolyte. Formulating a multinary components-based 
electrolyte at an invariant composition with concentration 
limiting the presence of free water (by mimicking calculations 
above-mentioned for DES) seems to be a relevant strategy, 
which could combine relatively large operating voltage (energy 
density) and low temperature applications, rather than a trial 
and error formulation method based on salt(s) saturated 
solutions.
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